Northeast China is a unique place to study intra-plate volcanism. We analyzed P-wave receiver function data recorded by 111 permanent broadband seismic stations in Northeast China. The results show that the crustal thickness varies from 27.9 km beneath the eastern flank of the Songliao Basin to 40.7 km beneath the Great Xing'an Range region. The large depth variations of the Moho can be largely but not completely explained by surface topography. The residual Moho depth calculated based on the Airy's isostasy model indicates that the Moho is dynamically uplifted by <3 km beneath the eastern flank of the Songliao Basin and the Changbaishan region. We suggest that a mantle upwelling, which has been proposed by several recent seismic studies, might have caused the uplift.
Introduction
The Northeast China region consists of the Northeast China (NE China) Plain with the Songliao Basin in its center, the Central Asian fold belt, known as the Great Xing'an Range to the west, the uplifted volcanic Changbaishan region to the east and the Sino-Korean Craton to the south. It is located more than 1 000 km away from the Japan Trench, where the Pacific Plate starts to subduct beneath the Eurasia Plate (Figure 1 ). The region is also located roughly above the so-called stagnant slab where the subducted Pacific slab seems to be deflected sub-horizontally around the 660-km discontinuity (Fukao et al., 2001) .
It is widely believed that the Songliao Basin was a rifting basin and the rifting process took place in the Mesozoic (Hu et al., 1998; Ren et al., 2001) collision between the Amurian Plate and Siberia block after the closure caused lithospheric thickening of the Great Xing'an Range and NE China, and the later collapse of the thickened lithosphere caused convective thinning of the thermal boundary layer. Late Mesozoic volcanic rocks are widely distributed in the region, indicating that active volcanism occurred during the Mesozoic rifting. Volcanism continued in the Cenozoic time in a rather episodic and sporadic manner (Liu et al., 2001 ). Although it is generally believed that the Cenozoic volcanism in NE China is somehow related to the subduction of the Pacific Plate beneath the area (e.g., Liu et al., 2001) , one obviously cannot invoke a regular back arc volcanogenic model to explain the Cenozoic volcanism in this region. One promising model, based on tomographic imaging, is the so-called big-mantle-wedge (BMW) model (Lei and Zhao, 2005; Zhao et al., 2009) , which hypothesized a large-scale mantle upwelling in this region as the deep origin of the Cenozoic volcanism. Geochemical studies of volatiles and trace elements suggested that the origin of the Changbaishan volcano is within the mantle (Hahm et al. 2008; Kuritani et al., 2009) . While E N Sino-Korean Craton G re a t X in g 'a n R a n g e S o n g li a o B a s in C h a n g b a i s h a n Northeast China L e s s e r X i n g ' a n R a n g e Pacific Plate
Eurasian there are some geochemical constraints on the presence of an upper mantle upwelling beneath the region (Zou et al., 2008) , the depth and lateral distribution remain poorly understood, as does the cause of the upwelling. By combining seismic and electrical conductivity data, Ichiki et al. (2006) proposed two possible mechanisms responsible for the upwelling. Further seismic data are needed to determine which mechanism is more appropriate. Here we investigated the lateral variations of the crust-mantle boundary with receiver-function data to map out possible deformation at the boundary resulting from the upwelling.
CEA regional networks and seismic data
The recent release of broadband waveform data of permanent regional seismic networks in NE China by the China Earthquake Administration (CEA) provided an unprecedented opportunity to investigate the crustal structure of the area Figure 2a ). We visually checked all the seismograms and the receiver function data, and selected a total of 2 359 receiver functions with a high signal-to-noise ration (SNR) for further analysis. Among the 128 stations, 111 ( Figure 2b ) had enough receiver function data to estimate Moho depth and v P /v S ratio.
Receiver function analysis
Early receiver function studies used radial and vertical components to form receiver function. In this case, significant P wave energy can be seen in receiver functions, which may interfere with the P-to-S converted phase at the Moho and hence affect the measurements. We thus further rotated the vertical and radial components to the P-and SV-components to avoid the interference and to enhance conversion energy (Niu and Kawakatsu, 1998) . We employed the "water-level" deconvolution technique (Clayton and Wiggins, 1976) to generate receiver functions:
Here the "water level" parameter k was set to 0.03 to reduce instability of the deconvolution and the Gaussian constant a was set to 1.5 (equivalent to a corner frequency of 0.5 Hz) to suppress higher frequencies. P (ω) and V (ω) are the spectra of the P-and SV-components computed from a 40 s time window (5 s before and 35 s after the first P arrival). We used a modified H-κ stacking method (Zhu and Kanamori, 2000; Niu et al., 2007) to estimate the Moho depth as well as average v P /v S ratio within the crust. Following Niu et al. (2007) , we refer to the primary P to S conversion phase as 0P1S, and the two crustal reverberation phases as 1P2S and 2P1S. The numbers before P and S indicate the counts of P-and S-wave legs within the crust, respectively. For each receiver function, we first performed a time to depth conversion by assuming three different modes: the primary P to S conversion 0P1S mode and the reverberation 1P2S and 2P1S modes. The time to depth conversion was performed in the range of 0 to 80 km with an increment of 1 km using the P-wave velocity model based on local and regional P-wave travel-time data (Sun and Toksöz, 2006) and an assumed v P /v S ratio. The ratio was varied from 1.5 to 2.5 with an increment of 0.001. The three depth traces were then summed with different weights. We further used the cross correlations between the three modes as a weight function and summed the three depth traces:
where d and r are the Moho depth and v P /v S ratio. w 1 , w 2 , and w 3 are the weights for 0P1S, 2P1S and 1P2S phase, respectively, and c(r) is the cross correlation weight. Moho depth and v P /v S ratio were determined where the summed amplitude reaches its maximum. For areas with enough station density, we also applied the CCP (common-conversion point) stacking method to image lateral variations of the Moho. To do this, we first ray-traced the IASP91 mode (Kennett and Engdahl, 1991) to compute the P-to-S conversion points at different depths for each source-receiver pair. We then gathered receiver functions sharing conversion points along a 2-D cross section.
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Results and discussion
Crust thickness estimated from the H-κ stacking is shown in Figure 3a . Average crust thickness is ∼29 km in the Songliao Basin and increases to ∼38 km in Great Xing'an Range region. The Moho beneath the Great Xing'an Range region west to the basin is deep, while that beneath the Changbaishan region east to the basin is a few kilometers shallower. The estimated average crustal v P /v S ratio is shown in Figure 3b . The v P /v S ratio varies between 1.6 and 1.9 and generally agrees with geological features of different blocks in the area. The low v P /v S ratio in the Changbaishan region is consistent with a previous seismic study of the region (Hetland et al., 2004) . Measurement errors of crustal thickness and v P /v S ratio are estimated to be ∼±1 km and ∼±0.03, respectively (Jenkins and Watts, 1968) .
To investigate causes of the depth variation of the Moho, we first calculated the predicted depth variation based on surface topography using the Airy model of isostasy that assumes a laterally uniform density within crust and balances the topographically high mountains with a deeply extended crustal roots. We used a constant density of 2.8 × 10 3 kg·m −3 and 3.3 × 10 3 kg·m −3
for the crust and upper mantle, respectively. We further removed the mean value to show lateral variations at Moho depth. The main feature shown in the residual Moho depth map is a broad negative anomaly along the eastern flank of the Songliao Basin and the Changbaishan region (Figure 3c ). The negative anomaly has a ∼3 km peak amplitude centered roughly at the Changbaishan volcano and extends ∼300 km and ∼400 km in the EW and NS directions, respectively. To further illustrate the significant difference observed at Moho depth between the western and eastern edge of the Songliao Basin, we made a 2D CCP image along an EW line at 42
• N (Figure 2b ), where we have high enough station density. The CCP stacked image ( Figure 4b ) shows a clear Moho, which is ∼40 km in the west, ∼30 km beneath the southern margin of the Songliao Basin, and ∼33 km in the east. The deep-shallow-intermediate Moho pattern generally corresponds to the high-low-intermediate pattern of average topography (Figure 4a ). However, a careful comparison between the two indicates that the eastern side of the basin has a significantly shallower root than the western one although both rise to a roughly similar altitude (from 0.4 km to 1.2 km). A negative anomaly corresponds to a relatively shallower Moho compared to the Airy's static prediction. Since this anomaly roughly coincides with the region with a low velocity in the upper mantle, we assume that the uplift seen here reflects the dynamic deformation related to the low velocity anomaly (Lei and Zhao, 2005; Zhao et al., 2009 ). Lei and Zhao (2005) attributed the low velocity anomaly to dehydration from the sub-horizontally deflected slab. On the other hand, the lateral resolution of the tomographic images is of either local or global scale. Thus it is hard to identify a vertically consistent anomaly from these images. The Moho uplifted region is located ∼200-500 km west to the 600 km contour of the observed deep seismicity in the area (Figure 3c ). We thus speculated that this broad uplift is somehow associated with the presence of deep subduction in this region. While both thermal and compositional buoyancy have been proposed to be the driving force of the upwelling (Ichiki et al., 2006) , here we assume the observed deformation at the Moho has a thermal origin. The thermal buoyancy force, ΔF b , due to a temperature anomaly, ΔT , supports the mass contrast, ΔW , between mantle and crustal material filled within the uplift Moho space ( Figure 5 ):
here ρ C and ρ M are the average densities of the crust and the upper mantle, respectively. h and Δh are the height of the temperature anomaly body and the amount of uplift of the crust-mantle boundary, respectively. ρ M is the mantle density with an elevated temperature (ΔT ), which can be calculated from the thermal expansion coefficient, α, From equations (3) and (4), we obtain
Taking typical values of density and the thermal expansion coefficient of the crust and the mantle: ρ C = 2.8 × 10
), a Δh of 3 km would result in a ΔT · h=1.5×10 7 (m·K). If we assume ΔT =150 K, as suggested by Ichiki et al. (2006) , the depth extension of the thermal upwelling is estimated to be ∼100 km, which is consistent with the estimate of Ichiki et al. (2006) .
In Figure 6 , we show a 3-D perspective view of the broad uplift observed at the Moho and surface topography. We also show a schematic upwelling at around ∼150 km with a depth extension of 100 km. Further detailed modeling is required to constrain the lateral scale as well as the absolute depth of the anomaly.
Conclusions
We investigated crustal structure in the Northeast China region using receiver function data recorded by several regional seismic networks in the region. We found: (1) the Songliao Basin has a relatively thin crust, probably resulting from rifting that occurred in the Mesozoic; (2) high topography of the Great Xing'an Range located at the western boundary of the basin is almost isostatically balanced by a thick crustal root; (3) the eastern margin of the Songliao Basin, where active Cenozoic volcanism occurred, is underlain by a relative thin crust, despite the relatively high topography in these regions, consistent with the presence of a mantle upwelling proposed by previous studies. Our observations suggested that variations in crustal thickness seem to play an important role in determining tectonic activity in the study region.
